A parametric finite element model of an osteocyte lacuna was developed to predict the microstructural response of the lacuna to imposed macroscopic strains. The model is composed of an osteocyte lacuna, a region of perilacunar tissue, canaliculi, and the surrounding bone tissue. A total of 45 different simulations were modeled with varying canalicular diameters, perilacunar tissue material moduli, and perilacunar tissue thicknesses. Maximum strain increased with a decrease in perilacunar tissue modulus and decreased with an increase in perilacunar tissue modulus, regardless of the thickness of the perilacunar region. An increase in the predicted maximum strain was observed with an increase in canalicular diameter from 0.362 to 0:421 mm. In response to the macroscopic application of strain, canalicular diameters increased 0.8% to over 1.0% depending on the perilacunar tissue modulus. Strain magnification factors of over 3 were predicted. However, varying the size of the perilacunar tissue region had no effect on the predicted perilacunar tissue strain. These results indicate that the application of average macroscopic strains similar to strain levels measured in vivo can result in significantly greater perilacunar tissue strains and canaliculi deformations. A decrease in the perilacunar tissue modulus amplifies the perilacunar tissue strain and canaliculi deformation while an increase in the local perilacunar tissue modulus attenuates this effect. r
Introduction
It is well known that bone adapts to changes in its mechanical environment and that this adaptation is controlled at the cellular level through the coordinated actions of osteoblasts, osteocytes, and osteoclasts. Osteocytes make up over 90% of all bone cells (Marotti et al., 1995) , and are hypothesized to be the mechanosensors in bone (Aarden et al., 1996; Burger et al., 1995; Burger and Klein-Nulend, 1999 ) that mediate the effects of bone loading through their extensive communication network. The application of force to the skeletal system produces several potential stimuli for osteocyte function including hydrostatic pressure, fluid flow-induced shear stress, and bone tissue strain. Theories based on fluid flow-derived shear stress stimulation of osteocyte cell processes within canaliculi have gained the most prominence (Weinbaum et al., 1994 (Weinbaum et al., , 2003 You et al., 2001; Han et al., 2004; Cowin, 2002) since it has been shown that direct mechanical strain applied to cells at levels measured to occur in humans in vivo do not stimulate bone cells in vitro (Owan et al., 1997; Smalt et al., 1997) . In further comparisons of fluid flow stimulation to substrate stretching experiments on osteoblastic cells (You et al., 2000) , it was found that substrate strain levels in the range of strains measured in vivo using a strain gages did not induce an increase in intercellular calcium and osteopontin mRNA, but higher strain levels did produce a calcium response in a significant number of cells. (Walker et al., 2000; Mullender et al., 2004) responses associated with the osteoblastic phenotype while fluid flowinduced shear stress stimulation results in increases in signals thought to be involved in osteocyte control of bone remodeling, including nitric oxide and prostaglandin E 2 (PGE 2 , an osteogenic messenger) (Owan et al., 1997; You et al., 2000; Bacabac et al., 2004; Mullender et al., 2004) . The application of mechanical forces to whole bone does cause fluid to flow in vivo through the lacunar-canalicular system (Knothe Tate et al., 2000; Ciani et al., 2005) . It is theorized that the fluid flow induced drag on the osteocyte and its processes results in the deformation of the cell membrane thus triggering a biological response (Han et al., 2004) . Osteocytes have been shown to be more sensitive than osteoblasts by responding with a sustained release of PGE 2 following both hydrostatic compression and fluid flow treatment. Moreover, dynamic fluid flow produces the more effective response .
However, the basis used for studying the stimulatory effects of mechanical strain on bone cell biological responses in vitro has been the direct measurement of bone strain in humans during various physical activities Milgrom et al., 1996; Hoshaw et al., 1997; Milgrom et al., 2004) . The limitation of applying this strain magnitude data to cells in vitro, however, is that the in vivo strain gage measurements represent continuum measures of bone deformation. Clearly, at the spatial level of bone cells, cortical bone is not a continuum and microstructural inhomogeneities will result in inhomogeneous microstructural strain fields; local tissue strains will be magnified in association with microstructural features (Nicolella et al., 2001 (Nicolella et al., , 2006 . A major source of the inhomogeneity in bone are osteocyte lacunae and canaliculi. Thus, it is important to quantify the local bone tissue deformation state surrounding the osteocyte since it is this deformation that is most likely acting on the osteocyte located within its lacuna and canaliculi.
Recently, new evidence has been reported (Tazawa et al., 2004) in the long standing debate that osteocytes can alter their lacuna tissue (Parfitt, 1977) . In this study, it was shown that in rats treated continuously with human parathyroid hormone (PTH) for 4 weeks exhibited a significant increase in osteocyte lacunar size due to tissue resorption by the osteocyte. Furthermore, the authors provide evidence that suggests regeneration of the resorbed perilacunar tissue, indicating the potential for osteocytes to alter their tissue microenvironment. It has also been shown that the administration of glucocorticoids in a rat model results in an increase in lacunar size and hypomineralization of the mineralized matrix surrounding the osteocyte (Lane et al., 2006) . Additionally, it has been shown that the perilacunar tissue has different material and mechanical properties compared to tissue not associated with an osteocyte although specific pharmacological treatments or age effects were not investigated (Ling et al., 2005) . Moreover, using this data in a preliminary numerical analysis, it was shown that changes in the mechanical properties of the osteocyte perilacunar tissue can significantly alter the perilacunar tissue deformation, thus theoretically altering the mechanical signal sensed by osteocytes (Ling et al., 2005) .
The objective of this study was to perform a more detailed investigation into the effect of changes to the perilacunar bone tissue structure and properties on microstructural bone tissue strains potentially transmitted to an embedded osteocyte.
Materials and Methods
A parametric finite element model of an osteocyte lacuna was developed to predict the microstructural tissue strains associated with lacunae in response to imposed macroscopic deformations. The model is composed of an osteocyte lacuna, its perilacunar tissue, canaliculi, and the surrounding bone tissue. The osteocyte lacuna was modeled as a revolved ellipsoid with minor and major axes equal to 3.9 and 8:9 mm, respectively (McCreadie et al., 2004) . Similar representations of the lacuna have been used previously (McCreadie and Hollister, 1997; McCreadie, 2000) . The size of the lacuna was kept constant for all simulations. Ten canaliculi were modeled using diameters of 0.362 and 0:421 mm and lengths of 15 mm (Beno et al., 2006; You et al., 2004) . A simulation was also run where the canaliculi were not included in the model. The perilacunar tissue thickness was varied between 3 and 10 mm to determine whether the parameter has an effect on the maximum predicted strain.
The parametric finite element model was developed using TrueGrid (XYZ Scientific Applications, Inc., Livermore, CA). The geometry of the lacuna, perilacunar tissue, and canaliculi were described as above within TrueGrid and a hexahedral finite element mesh was mapped to the geometry. By changing the parameters describing the geometry (i.e. canaliculi diameter, thickness of the perilacunar tissue), updated meshes were automatically created. The parametric variables in this model include the size of the lacuna, the perilacunar thickness, the diameter and length of the canaliculi, and the material properties of the perilacunar and surrounding tissues (Fig. 1c) .
The bone tissue was modeled as linearly elastic with two separate material regions. A material modulus of 25 GPa was used for the bone tissue surrounding the perilacunar tissue (Rho et al., 1999) . A range of 15 to 35 GPa was considered for the material modulus of the perilacunar tissue, to determine the effects of changing this value on the maximum strain predicted. A Poisson's ratio of 0.3 was used for all of the material models.
A prescribed axial displacement was applied to the model face perpendicular to its long axis (horizontal direction in Fig. 1c ) resulting in an overall model structural strain of 2000 microstrain. This strain was chosen since it is the range of maximum physiological strain experienced by bone under active conditions in the human body . The nodes on the model face opposing the applied displacement were constrained. Symmetry boundary conditions were applied to the nodes on the remaining model faces, which had the resultant effect of mirroring the model across each plane.
A mesh convergence study was conducted to determine the mesh density used in this analysis. The finite element mesh was increased in 10 steps from 15,480 nodes to 605,400 nodes. Mesh convergence was determined by comparing the predicted maximum principal strain from successively finer meshes until the difference was less than 2%. The maximum lacunar strain converged to less than a 2% difference from 508,176 nodes to 605,400 nodes (Fig. 2) .
A total of 45 simulations were performed with varying canaliculi diameters, perilacunar material moduli, and perilacunar thicknesses (Table 1 ). Following the model simulation, the maximum first principle strain was recorded. The quasi-static simulations were run using LS-DYNA Version 970 (Livermore Software Technology Corporation, Livermore, CA) on a dual processor AMD Athlon 1.4 GHz Linux system with 4 GB of memory. The simulations took approximately 30 min each to run. The results were post-processed using LS-PrePost Version 2.1 (Livermore Software Technology Corporation, Livermore, CA).
The maximum strain (first principle strain) in the perilacunar region was recorded and the strain amplification factor was computed as the maximum perilacunar tissue strain divided by the applied macroscopic strain.
Results
The maximum perilacunar tissue strain predicted using the model without any canaliculi present was 2957.3 microstrain, resulting in a strain amplification factor of 1.52 (Fig. 3) . Inclusion of the canaliculi of 0.362 diameter resulted in a 97% increase in maximum perilacunar tissue strain to 6036.6 microstrain and an increase in the strain magnification factor to 3.12. Increasing the canaliculi diameter to 0.421 increased the maximum predicted perilacunar strain 2.31% to 6092.9 microstrain and resulted in a strain magnification factor of 3.14.
The predicted maximum perilacunar strain increased with a decrease in perilacunar tissue modulus and decreased with an increase in perilacunar tissue modulus, regardless of the thickness of the perilacunar region (Fig. 4 ). An approximate 15% increase in maximum strain was predicted for a 40% decrease in the modulus of the perilacunar tissue for both canaliculi diameters, while a 40% increase in the perilacunar tissue modulus resulted in an approximate 10% decrease in maximum strain. There were no differences in the maximum predicted strain for varying perilacunar thicknesses.
The maximum perilacunar strain occurs where the canaliculi enter the lacuna (Fig. 5) . The contour plots also indicate the differences in the distribution of perilacunar tissue strain resulting from differences in perilacunar tissue modulus. Higher maximum perilacunar tissue strain values are predicted in the perilacunar region with a lower tissue modulus. Strain magnification factors of 1.26 to 1.52 were predicted using the model without the canaliculi and magnification factors of over 3 were predicted for both canaliculi diameters considered (Fig. 6 ). For all of the perilacunar tissue property combinations considered that included canaliculi, the lowest magnification factor was 2.32. The average strain magnification factors were 2.68 and 2.73 for the model with canaliculi diameters of 0.362 and 0:425 mm, respectively. The applied global model deformation of 2000 microstrain (0.2%) results in increases in the diameter of the canaliculi from 0.795% to 1.017% across the perilacunar tissue properties (Fig. 7) . A decrease in perilacunar tissue modulus results in an increase in canaliculi deformation while an increase in perilacunar tissue modulus results in a decrease in canaliculi deformation. In all cases, canaliculi deformation reaches its maximum at the intersection of the canaliculi and lacuna wall.
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Discussion
In this analysis, a parametric microstructural bone tissue model was constructed to investigate the effect of perilacunar tissue properties and canaliculi geometry on computed perilacunar tissue strain and canaliculi deformation resulting from a globally applied deformation of 2000 microstrain. The results of this analysis indicate that a globally applied tissue strain of 2000 microstrain (0.2%) result in a perilacunar strain magnification of 1.52 without the inclusion of canaliculi to 3.14 when the canaliculi are included. This level of applied macroscopic strain also results in an increase in canaliculi diameter of approximately 1.0%. Local differences in perilacunar tissue modulus result in significant changes in predicted perilacunar strain.
Prior to discussing the implications of these results, the limitations of this analysis necessitate discussion. Idealized representations of the lacunae and canaliculi geometry were used. In reality, lacunae are not perfect ellipsoids nor are the canaliculi perfectly cylindrical (McCreadie et al., 2004) . The size and shape of the lacuna can vary and the walls of the lacuna and canaliculi are not smooth but are irregular. Species-related and bone histologyrelated variations in lacuno-canalicular geometries that have been described previously could also correlate with non-uniform strain distributions that may not be demonstrated using the selected parameters in the present study (Marotti, 1980; Cane et al., 1982; Marotti et al., 1990; Metz et al., 2003) . Variations in size and shape of the lacuna will lead to non-uniform strain distributions and depending on the orientation and geometry of the lacuna will further increase the maximum strain values sensed by the osteocyte. Non-smooth lacuna and canaliculi walls will also increase the maximum strain values. Imperfections and small indentations at the lacuna-canaliculi interface will lead to strain concentrations at that location.
A linear elastic material model was used to represent the deformational behavior of the bone tissue. The strains predicted are on the order of yield strain measured in cortical bone (Cowin, 1989) and may result in damage to the bone tissue (Fondrk et al., 1988) . Furthermore, isotropic material was assumed. At this level, there may be material properties that exhibit a directionality resulting from the underlying organization of the collagen fibril (Giraud-Guille, 1988; Hofmann et al., 2006; Weiner and Traub, 1986) . These limitations are the focus of ongoing investigations. This finite element model also included a limited number of canaliculi. The estimated number of canaliculi per lacuna in human long bone is 41 (Beno et al., 2006) . One of the purposes of this model was to determine if the presence and size of the canaliculi influenced the strain at the osteocyte lacuna. Since it has been determined that by simply including the canaliculi in the model the measured maximum strain is doubled, the next step will be to create a model with the anatomically correct number of canaliculi, to investigate the effect on the strain at the osteocyte.
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The perilacunar bone tissue strain magnitudes predicted in this study are consistent with tissue strain values measured in our previous work (Nicolella et al., 2001 (Nicolella et al., , 2006 Nicolella and Lankford, 2002) . In these studies, microstructural osteocyte bone tissue strains were measured to be significantly larger than macroscopic applied strains resulting in strain magnifications factors of 1.1-3.8. However, detailed measurements of the strains and deformations of the canaliculi were not included due to limitations in the optical resolution of our microscope systems. Diameter=0.421, t=10 Fig. 4 . The measured maximum strain increased with a decrease in perilacunar modulus and decreased with an increase in perilacunar modulus, regardless of the thickness of the perilacunar region. The tissue bone strains predicted in this analysis are consistent with applied substrate strain levels required to elicit a biological response from bone cells in culture. Biological responses, such as NO release and PGE 2 release, have been reported to occur at strains ranging from 3400 microstrain to 5500 microstrain (Pitsillides et al., 1995; Owan et al., 1997 , Fermor et al., 1988 Zaman et al., 1999; Kunnel et al., 2002) . These strain levels were originally thought to be too high to be experienced in vivo in human bone since the maximum physiological strain experienced by bone under active conditions in the human body is approximately 2000 microstrain . However, it has been shown in this study, that an applied 2000 microstrain globally can result in maximum strain concentrations of 4000-6000 microstrain, consistent with in vitro substrate stretch levels sufficient to elucidate a biological response.
Similar to McCreadie and Hollister (1997) , this study found that there is strain magnification at the osteocyte lacuna. McCreadie and Hollister (1997) did not include in the canaliculi and the lacuna in the same finite element model. The strain values presented in the current study taken into account the interface of the lacuna and canaliculi, which is the site of the maximum measured strain. Contrary to the results of McCreadie and Hollister (1997) the measured maximum strains were found to vary with changes in the tissue modulus.
The globally applied strain resulted in an increase in canaliculi diameters of 0.8% to over 1.0%. This change in diameter will result in direct application of deformation to the enclosed cell process via transverse tethering elements that connect the cell process to the canalicular wall (You et al., 2004) . It is interesting to note that if there is no attenuation of the canaliculi deformation by the tethering element, the change in diameter of the canaliculi predicted using this model will result in a radial strain within the cell process of 10,000 microstrain. This cell process strain is in the range of applied substrate strain required to produce a cellular response in bone cells cultured in vitro. In addition, dimensional changes to the canaliculi will result in changes to the fluid flow, and therefore to the shear stresses, experienced within the canaliculi and lacunae.
There is increasing evidence that the osteocyte can affect changes to its local environment (Baylink and Wergedal, 1971; Rubin et al., 2002; Tazawa et al., 2004; Lane et al., 2006) . Additional studies have shown similar results with chondrocytes in cartilage (Guilak et al., 1999 (Guilak et al., , 2006 Alexopolous et al., 2005) . Although osteocyte alteration of the perilacunar tissue is not well understood, the results from the present investigation indicate that alterations to the perilacunar tissue may act to control the strain signal sensed by the embedded osteocyte. The material around the osteocyte may be remodeled due to changes in overall bone loads or changes in systemic biochemical equilibrium. The results of the present investigation demonstrate that for a given macroscopic strain level, a change in perilacunar tissue modulus will result in a modification of the perilacunar bone tissue strain. This may provide a mechanism whereby the osteocyte can fine tune the local bone tissue strain signal to remain within an optimal range. For example, local increases in perilacunar tissue stiffness will result in a decrease in perilacunar tissue strain. Local microstructural changes such as these may be implicated in the reduced ability of the aging skeleton to respond to mechanical loading (Rubin et al., 1992; Turner et al., 1995) . As the skeleton ages, there is an overall increase in bone tissue mineralization (Currey et al., 1996) which will increase the bone tissue modulus. Therefore, if this increase in overall mineralized tissue extends to perilacunar bone tissue, the local perilacunar bone tissue modulus increases as a function of age, the aged skeleton may be less able to sense and transduce normal skeletal loading. In other words, even if the global strain signal remains relatively constant, the transmission of this global strain to the embedded osteocytes in an older skeleton may be significantly reduced.
In summary, a parametric finite element model of an osteocyte lacuna was developed to predict the microstructural response of the lacuna to imposed macroscopic strains. An increase in the predicted maximum strain was observed for an increase in canalicular diameter. The measured maximum strain increased with a decrease in perilacunar tissue modulus and decreased with an increase in perilacunar tissue modulus, regardless of the thickness of the perilacunar region. Canaliculi diameters increased from 0.8% to over 1.0% depending on the perilacunar tissue modulus. Strain magnification factors of over 3 were predicted. These results indicate that the application of average macroscopic strains similar to strain levels measured in vivo can result in significantly greater perilacunar tissue strains and canaliculi deformations.
